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Muhammad N.S. Hadi∗ and Mehmet E. Uz
School of Civil, Mining and Environmental Engineering, University of Wollongong, Wollongong, Australia
(Received 2 May 2013; accepted 4 December 2013)
This study proposes the optimal passive and active damper parameters for achieving the best results in
seismic response mitigation of coupled buildings connected to each other by dampers. The optimization
to minimize the H2 and H∞ norms in the performance indices is carried out by genetic algorithms (GAs).
The final passive and active damper parameters are checked for adjacent buildings connected to each other
under El Centro NS 1940 and Kobe NS 1995 excitations. Using real coded GA in H∞ norm, the optimal
controller gain is obtained by different combinations of the measurement as the feedback for designing
the control force between the buildings. The proposed method is more effective than other metaheuristic
methods and more feasible, although the control force increased. The results in the active control system
show that the response of adjacent buildings is reduced in an efficient manner.
Keywords: seismic effects; passive control; active control; genetic algorithms
1. Introduction
Buildings with passive, active, semi-active and hybrid control devices have been investigated
with great interest during the past decades. Many studies have been carried out on dissipative
links (Hadi and Arfiadi 1998; Kim, Ryu, and Chung 2006; Westermo 1989; Xu, He, and Ko
1999; Yang, Xu, and Lu 2003; Zhu, Wen, and Iemura 2001), active (Aldemir 2010; Arfiadi 2000;
Arfiadi and Hadi 2000, 2001, 2006), semi-active and hybrid (Christenson et al. 2003; Dyke
et al. 1996; Ok, Song, and Park 2009; Spencer and Sain 1997) devices to mitigate the response
of buildings. Furthermore, many structural control concepts have been implemented in various
scientific and engineering problems. In recent years, several powerful metaheuristic optimization
algorithms have been proposed and in the field of structural engineering their many successful
applications have been reported in the literature. Metaheuristic methods such as genetic algorithm
(GA), particle swarm optimization (PSO) (Gholizadeh 2013; Leung and Zhang 2009), ant colony
optimization (ACO), simulated annealing, big bang–big crunch and harmony search (HS) (Bekdas
and Nigdeli 2011; Fadel Miguel, Lopez, and Miguel 2013; Gholizadeh and Barzegar 2012) have
been investigated to solve optimization problems. For optimization of passive dampers such
as tuned mass damper (TMD) and viscous elastic damper (VED), metaheuristic methods have
∗Corresponding author. Email: mhadi@uow.edu.au
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2 M.N.S. Hadi and M.E. Uz
been investigated. Owing to their simple concept, easy implementation and quick convergence,
metaheuristic methods such as ACO, PSO and HS have gained much attention and have a wide
variety of applications in real and academic engineering cases.
GA has some attractive characteristics compared with other evolutionary algorithms. For exam-
ple, PSO has a memory to keep the knowledge of good solutions although the population changes.
In GA, it is possible to insert a new population to increase the variety of individuals once the
previous knowledge on the problem has been destroyed. The main drawback of ACO lay in
handling continuous space problems with large dimension and great numerical precision. Real
coding in GA solves continuous optimization problems, whereas binary coding is not appro-
priate in GA. Obtaining a closed form solution in GA is not as easy as HS optimization for
the actual system. GA-H2 and GA-H∞ are suitable for handling this problem without convert-
ing a structural model to a single mode model. Control algorithms developed for passive and
active control have been directly useful for developing other recent control strategies. To check
the accuracy of the mechanical model of the damped structure, for example, Lee et al. (2006),
Pourzeynali, Lavasani, and Modarayi (2007),Arfiadi and Hadi (2011), Bekdas and Nigdeli (2011),
Fadel Miguel, Lopez, and Miguel (2013) and Bekdas and Nigdeli (2013) analysed the same
examples used in the study and compared their results with the GA method proposed by Hadi
and Arfiadi (1998).
The most common optimal control algorithms, such as the linear quadratic regulator (LQR),
H2, H∞ and fuzzy control, can be chosen by combining GAs. Passive control systems that do not
require any external power are widely used to reduce the response of buildings. Optimal design
of the passive dampers for multi-degree of freedom (MDOF) structures was investigated by Hadi
and Arfiadi (1998). The study used optimization to minimize the H2 norm transfer function using
a binary coded GA. The optimum value of damper parameters can be found without specifying
which modes should be controlled (Hadi and Arfiadi 1998). Ahlawat and Ramaswamy (2003)
proposed an optimum design of dampers using a multi-objective version of the GA. Although a
passive control technique is still considered owing to its simplicity, semi-active and active control
systems nowadays have received considerable attention.
In semi-active control methods, Dyke et al. (1996), Ni, Ko, and Ying (2001) and Yoshida
and Dyke (2004) investigated the effectiveness of magnetorheological (MR) dampers for civil
engineering structures. Ok, Song, and Park (2009) developed an optimal design of semi-active
dampers using multi-objective optimization. Despite the recent developments of control strategies
such as semi-active control, more research is required in the area of active structural control
(Pourzeynali, Lavasani, and Modarayi 2007). Bharti, Dumne, and Shrimali (2010) studied seismic
response mitigation of adjacent buildings under semi-active control strategies. Based on the results
of their study, MR dampers in semi-active control strategies are effective devices to control the
response of both buildings under ground motion. In the active vibration control area, Arfiadi and
Hadi (2001) improved a simple optimization procedure with the help of GAs to design the control
force. They used a static output feedback controller utilizing the measurement output. In this case,
the control force is obtained by multiplying the measurement with the gain matrix (Arfiadi and
Hadi 2001). To obtain the best results in the reduction of the structures, combined application of
the GAs and fuzzy logic has been proposed to design and optimize the different parameters of
active dampers by Pourzeynali, Lavasani, and Modarayi (2007).
In this study, a global optimization method which is a modification of the GA adopted by
Arfiadi and Hadi (2000, 2011) was used to optimize the parameters of passive and active dampers
in a coupled building. The optimum parameters of a damped main system of adjacent buildings
subject to excitations have not been intensely investigated by optimization methods. The method
is applied to design viscoelastic dampers in the passive control system. For the passive control
system, the binary coded GA is usually sufficient to solve the problems. For the active control




















































in the top floor of a coupled building to drive the control force to the buildings. In the active
control system, the real coded GA is appropriate to find the domain of the controller gain, which
is usually unknown. The objective of this study is to investigate the efficacy of optimal passive
damper parameters and to obtain optimum stable controllers for active dampers using both binary
and real GA for seismic response mitigation. The responses of the adjacent buildings are compared
with the corresponding uncontrolled individual buildings. The performance of the controllers used
in this study is also compared under H2 and H∞ optimizations. The influence of damper location
and the regulated outputs to be minimized on the control performance are also studied.
2. Theoretical background of system model
Consider two n- and m-storey shear buildings with active dampers installed at all floors between
buildings as shown in Figure 1. The equation of motion of an MDOF linear system subjected to
a single seismic excitation Xg and control actions U(t) acting on a damper system is written as
shown in Equations (1) and (2).
The equation of motion of Building A:
M1Ẍ1 + C1Ẋ1 + K1X1 = −M1E1Ẍg (1)
The equation of motion of Building B:
M2Ẍ2 + C2Ẋ2 + K2X2 = −M2E2Ẍg (2)
Equations (1) and (2) should be solved simultaneously. When passive and active control are



























































































































The equation of motion in Equation (3), which is explained in Appendix 1, can be transformed
into first order state equations. cd(m,m) and kd(m,m) are (m × m) diagonal matrices of the additional
damping and stiffness matrices due to the instillation of the fluid dampers. The subscript s in
Equation (3) denotes the (n − m) difference in the number of storeys of the buildings. By defining























































































where E1 and E2 are n × 1 and m × 1 unit matrices. P1 and P2 are given in Appendix 1. Here, I
is an identity matrix. The equation of motion in Equation (5) can be arranged as
Ẋ = AX + BU(t) + HẌg(t) (7)
Since only earthquake loading is considered, the equations of motion can be written as
Ẋ = AX + HẌg(t) (8)
The objective is to find the optimum values of the damper parameters (i.e. damping and stiffness)
using the following feedback controllers.
3. Optimal feedback controllers
For the optimization of passive and active control problems between adjacent buildings, several
optimization methods based on the chosen objective function have been synthesized in this study.




















































3.1. LQR Optimization with Full State Feedback
For the equation of motion in Equation (4), the performance index is a combination of state vector




(XT QX + UT RU)dt → min ⇒ U(t) = −GX (9)
where Q is a symmetric positive semi-definite matrix, R is a symmetric positive definite matrix,
and t is the final time to be considered. The importance of each term in the integrand can be
imposed with Q and R weight matrices. If the coefficients in the matrix Q are large, then the
response X is reduced substantially, with the consequence of having large control force. On the
other hand, if the coefficients in the matrix R are large, then the required control force will be
small, but the reduction in the response of buildings might not be substantial. To minimize the




1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
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In optimal control forms, the resulting gain matrix G can be obtained as G = 1/2R−1BT P. The
gain matrix, G, is obtained by using the ‘lqr’ command in Matlab. P is the Riccati matrix, which
can be solved by a Riccati equation in Equation (11):
PA − 1
2
PBR−1BT P + AT P + 2Q = 0 (11)







X + HẌg(t) (12)
After rearranging Equation (12), the equation of motion of buildings with the control parameters
can be rewritten as
Ẋ = (A − BG)X + HẌg (13)
Equation (13) can be solved under the different ground motions to obtain the response of adjacent
buildings.
3.2. H2 Optimization
The use of the H2 optimization procedure for the structural response under earthquake loading has
been considered by many researchers in civil engineering applications (Dyke et al. 1996; Holland
1992; Spencer, Suhardjo, and Sain 1994). The objective of H2 methods is to minimize the transfer
function of the closed loop system from the external disturbance to a certain controlled output.



















is the H2 norm transfer function from the external disturbance w = Ẍg to the



















































6 M.N.S. Hadi and M.E. Uz
conjugate transpose and the trace, respectively. The regulated output x as the response to be kept
small is chosen in relation to the performance index to be minimized.
x = CwX (15)





= [tr(CwLcCTw)]1/2 = [HT LoH]1/2 (16)∥∥∥Ĝxw
∥∥∥
2
= [tr(CwLcCTw)]1/2 = [tr(HT LoH)]1/2 (17)
where Lc and Lo, which can be determined from the Lyapunov equations, are the controllability
and observability Gramians, respectively.
ALc + LcAT + HHT = 0 (18)
AT Lo + LoA + CTwCw = 0 (19)
Note that displacements, velocities and absolute accelerations of adjacent buildings can be
included in the controlled output defined in Equation (15). By choosing the appropriate entry
in the regulation matrix, certain regulated output that needs to be minimized can be imposed. For
example, if the regulated output is taken as the relative displacement of the floors with respect to






where I is an identity matrix, 0 is a matrix containing zeros, and N and M are the total degrees of
freedom of both Building A and Building B. Furthermore, for feedback control in active control
systems, matrix A in Equations (18) and (19) will be replaced with Acl as shown in Appendix 1
(A9). Hence, the optimization problem is to find the optimum of damper parameters, using GA
as an optimization tool.
3.3. H∞ Optimization
To quantify the transfer functions the H2 and H∞ norms are usually used. In H∞ controllers, the
objective is to minimize the infinity norm of the transfer function from external disturbances to the
regulated outputs. The H∞ norm can be cast in an iterative manner. In this case, the Hamiltonian
matrix can be defined as
H=
[
A + HR−1DT Cw HR−1HT
−CTw(I + DR−1DT )Cw −(A + HR−1DT Cw)T
]
(21)
where R = γ 2I − DT D. In this study, eigenvalues of this matrix in Equation (21) are symmetrical
about the real and imaginary axes with D = 0. The H∞ norm can be computed in the following
bisection algorithm.
(a) Select γu, γl so that γl ≤
∥∥∥Ĝ∞
∥∥∥ ≤ γu
(b) If (γu − γl)/γl ≤ specified level (Tol.)
Yes Stop (
∥∥∥Ĝ∞
∥∥∥ ≈ 1/2(γu + γl))




















































(c) Set γ = (γu + γl)/2 and test if
∥∥∥Ĝ∞
∥∥∥ ≤ γ using λi(H)
(d) If λi(H) j ∈ R j ∈ then set γl = γ , otherwise set γu = γ and go to Step (b)
The resulting γ is the H∞ norm to be determined. In the numerical solution, the computation of
H2 norm in Equation (14) and H∞ norm in the bisection algorithm can be obtained using lyap
and norm commands in the Matlab Control System Toolbox. The controller gains are then solved
using a genetic-based optimizer.
4. Mechanics of genetic algorithms
The GA is a stochastic algorithm-based random search method that imitates natural phenomena
for its search operations. GAs have become effective tools for solving optimization problems in
engineering applications.A binary string or a real number can represent a candidate design variable
in a GA. During its early development, GA used binary coding to represent the design variable
(Goldberg 1989; Holland 1992). Although binary coded GAs have been successfully applied to
solve the optimization of complex problems, they have some drawbacks because of the unknown
domain of the design variables in active control (Arfiadi and Hadi 2001). These drawbacks make
binary coded GAs relatively difficult to solve. Real coded GAs that use real numbers to represent
design variables were also developed, and are capable of exploring a large domain, or even the
unknown domain of the controller in the case of active control systems (Herrera, Lozano, and
Verdegay 1998; Michalewicz 1996).
GAs start with a population of random candidates and advance towards better chromosomes by
applying genetic operators. After initialization, the fitness of candidates is calculated according
to the objective function. The GA process is shown in Table 1. The candidates undergo a selection
process based on the fitness of each individual. In the selection process, the better chromosomes
generate higher values than others and are placed in the mating pool. Every individual (chro-
mosome) of the design variables (genes) in the population undergoes genetic evolution through
crossover and mutation by a defined fitness function. In this study, the roulette-wheel selection
procedure maps the population in conjunction with the elitist strategy. Using an elitist strategy
ensures that the best individual in each generation is passed to the next generation. After selection,
crossover and mutation, a new population is generated in both coding GAs. This new population
repeats the same process iteratively until a defined condition is reached. Details of the structure of
GAs are given in the following subsections. In this study, both binary and real coding are used for
Table 1. Structure of the genetic algorithm.
Start (1)
Generation: τ ← 0 % τ is iteration number
Initialize G(τ ) % G(τ ): Population for iteration
Evaluate f (G(τ )) % f (G(τ )): Fitness function
while (not termination condition) do
start (2)
τ ← τ + 1
Perform operation of selection
Determine the number of crossover based on pc
Select the two parents G̃, G from G(τ − 1)
Perform crossover operation
Perform mutation operation for the whole population based on pm
Insert a number of new random individuals replacing old individuals





















































8 M.N.S. Hadi and M.E. Uz
adjacent buildings connected by passive dampers, while real coding GA is only used for active
control. Both the binary and real coding GAs are presented in brief here.
4.1. Design variables in genetic algorithms
In the binary coding GA, a chromosome can be represented using a binary string with 1 or 0.
The mechanics of GA starts with the creation of an initial population of chromosomes as a set
of candidates of initial design variables. The length of subchromosome (nbits) can be calculated
based on upper (Ui) and lower (Li) bound values and the significant digit (pi) of each design
variable (ith). Details of the length of the individual are explained by Arfiadi (2000). In real
coding GAs, as the candidates of design variables, vectors of real numbers are used to represent
individuals. For example, r = (na × ma) controller gains by having both the na actuators to drive
the control force and the ma measurements to be obtained for feedback. The population of the
individuals can be shown as follows
G1 = [g11 g12 . . g1r ]
G2 = [g21 g22 . . g2r ]
...
Gp = [g p1 g p2 . . g pr ]
(22)
where gij represents an element of the ith individual of the jth design variable.
4.2. Fitness evaluation and selection procedure
In binary coding, after initialization, the binary strings are converted into a real number of a design
variable using Equation (23) (Hadi and Arfiadi 1998):
ri = Li + ti × (Ui − Li)
2nbits − 1 (23)
where ri is the real number of a design variable, and ti is an integer mapping of a binary string,




hj × 2j (24)
in which the binary bit hj is [hr hr−1 . . . h1 h0] and lm is the length of subchromosome to
represent a particular design variable −1. After determining the real value of each design variable
in the population, the fitness of each individual can be obtained according to the defined objective
function. In real coding, real numbers to represent design variables can directly be substituted into
the fitness function. Each individual in the fitness function calculates the fitness of each individual
in which the fitness is H2 or H∞ norms. The positive fitness function is needed in both binary and
real coding GAs; the problem of minimization is converted such that the fitness has a positive
value as follows
f = α × (1/J) (25)
where J is the objective function and α is a constant value to scale the fitness function. The
conversion of the objective function in the form of Equation (25) is possible with the assumption
that the H2 and H∞ norm transfer functions are positive definite. An active control system may




















































is to ensure that the eigenvalues of the closed loop system are placed on the left side of the s-
plane. This constraint is incorporated into the fitness function by setting the fitness of individuals
having positive real-part eigenvalues to a very small positive value that can still be accepted by
the computer. If the system has a negative real part of the eigenvalue then the system is called
asymptotically stable (Michalewicz 1996).
The selection procedure used in this study is a roulette-wheel selection procedure in both binary
and real coding GAs. The reproduction is processed in two stages. In the first stage, the fitness of
each individual is evaluated and the sum of the fitness is calculated to determine the probability
of selecting each chromosome. In the second stage, the selection mechanism places the highly
fitted chromosomes in the mating pool. To perform this stage, the cumulative probabilities of
selection of each individual are calculated (Arfiadi and Hadi 2001, 2011; Hadi and Arfiadi 1998).
Each random number aj(j = 1, 2, . . . popsize) between 0 and 1 is compared with the cumulative
probability of selection of each chromosome qj, and when the random number aj ≤ qj, the jth
individual will be selected. Here, popsize is the number of individuals in the population. The best
individual is always selected in the next generation using an elitist strategy by simply passing the
individual with the best fitness into the next generation. After selection has been carried out, the
crossover and mutation operations are performed.
4.3. Crossover and mutation
In this study, a simple crossover is used as the main crossover operator for binary coding. Sim-
ple crossover randomly picks two parents from the mating pool. Simple crossover exchanges
genetic information for one random split point in the chromosomes. According to Figure 2, two
chromosomes are selected for a simple crossover operation if the random number is smaller than
the crossover rate pc. Details of a simple crossover operation are given in Holland (1992) and
Michalewicz (1996). For real coded GA, crossover is applied according to the vector value of
real numbers. Balance crossover of the main crossover operators is used in real coded GA. Bal-
ance crossover is very similar to the heuristic crossover for real coded GA. Every pair of parents
in the population based on the crossover rate (probability of crossover) is selected to apply the
crossover operator. Balance crossover may be produced from both sides, such that the resulting
offspring are
G̃′ = a(G̃ − G) + G̃
G
′ = a(G − G̃) + G (26)
where G and G̃ are selected parents in the population, G
′
and G̃′ are the resulting offspring,
and a is a random number between 0 and 1. This random number affects all design variables
in the selected parents. This type of crossover operator helps the offspring’s results to fall into
a larger domain than the parents’ domain in active control problems to explore the unknown
domain of the gains. After a simple crossover in the binary coding, mutation is performed in this
study. The mutation is a random operator whereby values of an element within a chromosome
are changed. pm × (ntbits × popsize) bits will undergo mutation if a random number nr from















































































Figure 3. Illustration of mutation.
mutation is performed with the probability of mutation pm. To maintain the variability of the
population, mutation in binary coding is the random changing of 0s to 1s and vice versa. Figure 3
shows the mutation operation. For real coded GA the second modification operators are usually
employed as simple mutation, non-uniform mutation, multi-non-uniform mutation and boundary
mutation. After a balance crossover, a simple mutation is employed as a genetic operator. A
certain individual is modified as the resulting individual Ĝ = [ĝ1 ĝ2 . . . ĝ′i ĝr], in which
ĝ′ = 2 × ar × ĝi are modified elements in the chromosome after mutation; ar is a random number
between 0 and 1, and the random number does not have the same value.
5. Application
Three numerical examples are performed on an i7-2630QM 2.9 GHz computer running MATLAB
R2009b for two cases. The first example is adjacent buildings connected by passive damper sys-
tems. The second is adjacent buildings using active control systems. Finally, the proposed method
is compared with the other studies in the literature. In this study, the parameters used in numerical
examples by Arfiadi (2000) are slightly modified. Furthermore, for the passive control system,
both binary and real coding are used and compared to optimize the passive device parameters.
For the active control system, real coded GA is used with the regulated output defined to obtain
the controller gains. Hence, the controller gains based on the availability measurement outputs
are obtained. In this study, several controllers are designed by choosing different combinations
of measurements as feedback.
5.1. Genetic algorithm parameters and modification
The GA parameters used in this study are separated into two sections, as shown in Table 2. The
simple GA procedure is also slightly modified here. The problems are formulated using linear
programming first, and GA based on roulette-wheel selection, arithmetic crossover and uniform
mutation was developed and applied next. GA can handle the nonlinear behaviour of the structure
caused by either large displacements or material nonlinearity and damage, although in this study
nonlinearity is not considered. Some fresh individuals after selection, crossover and mutation are
inserted into population, and inserting new individuals can help to explore new candidates of the
design points. Although some individuals with bad fitness can pass into the next generation, by
inserting a new individual the average fitness of the current population will be better than the
average of fitness of the previous population. As the optimum design, the best design points can
be obtained in the final generation by copying the highest fitness value into the next generation.
With the measure of the optimality defined by the fitness of individuals, GA does not need the
gradient information to obtain the cost function. This condition makes GA suitable for use in hard
and complex optimization problems, and it is capable of obtaining global optimum solutions in a
simple way, although the problem of vibration control is generally a linear problem (Arfiadi 2000).




















































Table 2. Genetic algorithm (GA) parameters used in this study.
GA parameters Binary coding Real coding
Number of generations 250 or 1000 1000
Population 30 20
Probability of crossover 0.5 0.8
Probability of mutation 0.01 0.01
Number of new random chromosomes to be inserted after crossover and
mutation (%)
20 10
Table 3. Structural parameters of the two buildings in the numerical examples.
Building A Building B
ki × 105 ci × 103 ki × 104 ci × 103
Floors (i) mi(t) (kN/m) (kN sec/m) mi(t) (kN/m) (kN sec/m)
Examples 1 and 2 6 514 3.5 1.190 134 4.679 0.603
5 542 3.5 1.190 143 4.991 0.643
4 542 3.5 1.190 152 5.302 0.683
3 542 3.5 1.190 161 5.614 0.724
2 542 3.5 1.190 170 5.226 0.674
1 542 3.5 1.190 179 6.247 0.806
Example 3 11 176 3.12 5.043 – – –
10 203 4.37 6.935 98 3.431 0.442
9 203 4.37 6.935 107 3.743 0.482
8 203 4.37 6.935 116 4.055 0.523
7 201 4.5 6.930 125 4.367 0.563
6 201 4.5 7.118 134 4.679 0.603
5 201 4.5 7.118 143 4.991 0.643
4 200 4.5 7.115 152 5.302 0.683
3 201 4.68 7.379 161 5.614 0.724
2 201 4.76 7.495 170 5.226 0.674
1 215 4.68 7.420 179 6.247 0.806
extensive algorithms of dynamic response are required which also have to satisfy the limit of
variables and other constraints. The variables used in the present study are of continuous type.
5.2. Numerical Example 1
In Example 1, a system of buildings located adjacent to each other and interconnected by passive
dampers is considered to obtain the optimal passive damper parameters. Building A is a six-
storey shear building as discussed in Arfiadi and Hadi (2001, 2011), and Building B is a six-storey
building as discussed in Sadek et al. (1997). The structures are considered as linear systems,
similar to Pourzeynali, Lavasani, and Modarayi (2007), Pourzeynali and Zarif (2008), Shayeghi,
Eimani Kalasar, and Shayeghi (2009) and Arfiadi and Hadi (2011). The adjacent buildings are Q1
subjected to the 1940 El Centro (117 El CentroArray-9 station) and the 1995 Kobe (KJMA station)
excitations, where the maximum ground acceleration scaled to 0.3 g for 1940 El Centro NS and
0.8 g for 1995 Kobe NS. The structural parameters of mass, stiffness and damping coefficient
are shown for both buildings in Table 3. The damping matrix of Building A is assumed to be
proportional to the stiffness matrix, corresponding to about 1.5% of the damping ratio of the first
mode, while Building B has 2% of the damping ratio of the first mode.
The first objective of Example 1 is to determine the optimum value of stiffness kd and the damp-
ing coefficient cd of the dampers according to the performance index and regulated output. Note
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Table 4. Optimization results of Example 1.
Building A
H2 (binary code) H∞ (binary code)
Component Case A Case B Case C Case D Case E Case F Case A Case B Case C Uncontrolled
cd (kN sec/m) 229.77 213.72 217.82 231.67 229.72 227.76 156.25 147.28 147.34 –
kd (kN/m) 312.43 394.66 495.24 324.59 314.46 328.13 977.47 1078.20 1139.40 –
ω1(rad/sec) 4.98 5.03 5.09 4.99 4.98 4.99 5.33 5.37 5.40 6.29
ω2(rad/sec) 6.35 6.36 6.38 6.35 6.35 6.35 6.52 6.55 6.57 18.51
ω3(rad/sec) 13.24 13.26 13.28 13.24 13.24 13.24 13.40 13.42 13.43 29.65
ω4(rad/sec) 39.07 39.07 39.08 39.07 39.07 39.07 39.09 39.09 39.09 39.06
ω5(rad/sec) 46.22 46.22 46.22 46.22 46.22 46.22 46.23 46.23 46.24 46.21
ω6(rad/sec) 50.68 50.68 50.68 50.68 50.68 50.68 50.69 50.69 50.70 50.67
ξ1(%) 17.38 15.84 15.41 17.42 17.36 17.15 9.44 8.57 8.29 1.07
ξ2(%) 5.61 5.57 6.02 5.69 5.61 5.62 6.38 6.09 6.27 3.15
ξ3(%) 13.99 13.57 13.63 14.03 13.98 13.93 12.17 11.77 11.75 5.04
ξ4(%) 7.21 7.17 7.19 7.22 7.21 7.21 7.05 7.01 7.01 6.64
ξ5(%) 8.34 8.31 8.32 8.34 8.34 8.34 8.20 8.17 8.17 7.86
ξ6(%) 9.06 9.02 9.03 9.06 9.06 9.05 8.93 8.90 8.90 8.61
used, to be minimized with respect to different combinations of regulated outputs (Cw). Several
combinations of regulated output are used in this study, as follows. Case A: minimize displace-
ments of both buildings; Case B: minimize displacements of the top floors of both buildings; Case
C: minimize velocities of the top floors of the buildings; Case D: minimize absolute accelerations
of the top floors of both buildings; Case E: minimize interstorey drifts of the buildings; and Case
F: minimize interstorey drifts and displacements of top floors of the buildings. Table 4 shows
the optimization results of the damper, damping and natural frequency of both buildings for all
cases in H2 control and Cases A–C in H∞ control. It can be noted that the optimization results of
the passive damper from H∞ control are larger than the results from H2 control. Case F, which
minimizes interstorey drifts and displacements of the top floors of both buildings, is better than the
other cases based on the obtained optimal results of natural frequency of both buildings. Table 5
shows the damper parameters for all cases when the different dampers are used in each floor level
between the buildings. Case F obtains the optimal stiffness of damper compared with the other
cases when different damper parameters are used in each storey. According to Equation (20), the
details of several objectives with the regulated outputs used in this study are given in Table 6.
For each case, the GA is run four times. Figure 4 shows the evolving best fitness for Case A in
H2 optimization. For the other cases the best fitness has the same form and is not shown here. It
is important to highlight that the feedback control gain can be obtained. In this case, the study
can conduct different combinations of the measurement as the feedback to obtain the appropriate
controller, rather than choosing cases in real engineering control.
In Example 1, two design variables are chosen, i.e. stiffness kd and the damping coefficient
cd when the same dampers are placed at all floor levels between the buildings. For binary coded
GA-H2 and H∞ optimization, the lower and upper bound values for each design variable are
chosen. The number of independent variables involved in the objective function is subjected to
explicit constraints with specific upper and lower limits of each constraint. The value of interstorey
drift (implicit constraint) of limits of constraints is 0.1 m. The lower and upper bound values
of the stiffness (explicit constraint) are 0 and 4000 kN/m, while the lower and upper bound
values for the damping coefficient (explicit constraint) are 0 and 2000 kN sec/m, respectively.
The length of the subchromosome (nbits) with three significant digits (pi) for the stiffness is
taken as 22, while the length of the subchromosome for the damping is taken as 20. Figure 5




















































Table 5. Resulting damper parameters obtained by binary coded GA-H∞ optimization.
Floors (i) Parameters Case A Case B Case C Case D Case E Case F
1 cd1 (kN sec/m) 922.38 16.369 137.38 1995 13.126 127.28
kd1 (kN/m) 2798.1 1606.7 3076.5 3620.5 3792.7 134.56
2 cd2 (kN sec/m) 93.17 656.45 0.383 43.23 7.48 98.53
kd2 (kN/m) 2298.6 686.08 745.81 1990 2523.6 2934
3 cd3 (kN sec/m) 55.49 17.031 50.97 14.99 43.15 38.35
kd3 (kN/m) 1742.4 578.11 1754.3 1617 1509.4 53.54
4 cd4 (kN sec/m) 17.69 89.031 5.85 20.59 135.4 187.26
kd4 (kN/m) 785.32 251.77 188.98 369.01 435.69 296.06
5 cd5 (kN sec/m) 0.07 9.96 202.97 163.13 248.14 64.60
kd5 (kN/m) 17.17 368.55 643.67 964.72 998.08 309
6 cd6 (kN sec/m) 349.13 234.36 217.61 156.05 109.51 216.57
kd6 (kN/m) 1072.6 1998 1500 994.83 481.8 1891.8
Table 6. Objectives with the corresponding regulated outputs.
Cases Regulated outputs




Case B Cw =
[[
0 0 0 0 0 1 0 0 0 0 0 0








0 0 0 0 0 1 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0 1
]]
Case D Cw =
[
0 0 0 0 0 1 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 1
]
× [−M−1K −M−1C]
Case E Cw =
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0 0 0 0 0 0 0 0 0 0 0
−1 1 0 0 0 0 0 0 0 0 0 0
0 −1 1 0 0 0 0 0 0 0 0 0
0 0 −1 1 0 0 0 0 0 0 0 0
0 0 0 −1 1 0 0 0 0 0 0 0
0 0 0 0 −1 1 0 0 0 0 0 0 zeros(12, 12)
0 0 0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 −1 1 0 0 0 0
0 0 0 0 0 0 0 −1 1 0 0 0
0 0 0 0 0 0 0 0 −1 1 0 0
0 0 0 0 0 0 0 0 0 −1 1 0
0 0 0 0 0 0 0 0 0 0 −1 1
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
Case F Cw =
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0 0 0 0 0 0 0 0 0 0 0
−1 1 0 0 0 0 0 0 0 0 0 0
0 −1 1 0 0 0 0 0 0 0 0 0
0 0 −1 1 0 0 0 0 0 0 0 0
0 0 0 −1 1 0 0 0 0 0 0 0
0 0 0 0 −1 1 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0 0 zeros(14, 12)
0 0 0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 −1 1 0 0 0 0
0 0 0 0 0 0 0 −1 1 0 0 0
0 0 0 0 0 0 0 0 −1 1 0 0
0 0 0 0 0 0 0 0 0 −1 1 0
0 0 0 0 0 0 0 0 0 0 −1 1
0 0 0 0 0 0 0 0 0 0 0 1
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
The reduction in displacement of about 25% for Case A between buildings with and without
control is shown in Figure 5. Using dampers between the buildings is effective in reducing the















































































Figure 5. Displacement response of the top floor of Building A for Case A with H2 optimization under El Centro 1940
NS excitation.
Figure 6. Displacement response of the top floor of Building B for all cases with H2 optimization under Kobe 1995 NS
excitation.
outputs. The reduction in the response is similar in all chosen regulated outputs using the optimized
parameters from either H2 or H∞ controls. The damper force is normalized with the weight of



































































Figure 8. Evolving best fitness for Case F with binary coded GA-H∞ optimization.
5.3. Numerical Example 2
In Example 2, adjacent buildings with the same structural parameters as in Example 1 are
used, except that each floor is connected with a damper. Here, the top floors of the adjacent
buildings are connected with the active damper system to increase the capability of the passive
viscoelastic damper. Furthermore, adjacent buildings are then subjected to El Centro and Kobe
excitations as in Example 1, but the maximum ground acceleration is scaled to 0.1 g and 0.3 g
for both excitations. If the active control force is placed between the adjacent buildings at the
top floor level, the damper is now serving as a viscoelastic damper with an actuator. A viscoelas-
tic damper is placed at the top floor level between the buildings with cd = 515.63 kN sec/m
and kd = 3101 kN/m.
The parametric values of the viscoelastic damper are optimized using the binary coding GA-
H∞ norm with Case F as in the method in Example 1. Figure 8 shows the evolving best fitness

































































Figure 9. Evolving best fitness for the gains of Example 2 Case F with real coded GA-H∞ optimization.
Figure 10. Top floor displacement of Building A with uncontrolled, passive control and active control system due to El
Centro NS 1940 excitation: (a) 0.3 g; (b) 0.1 g.
GA with the performance index H∞ norm. One actuator and four gains are used in Example 2.
Hence, four design variables are to be determined as shown in Appendix 1. As in Example 1,
four runs have been conducted by changing the initial value of the upper and lower bounds of the
controller gain in each run. Hence, different values are conducted to explore the unknown domain
of the gain and to compare the robustness of the algorithm with the initial value. The first four
runs of the lower bound are chosen as −10, −10, 0 and −1000, while the first four runs of the
upper bound are 10, −1, 100 and 100.
Figure 9 shows the evolving best fitness for Example 2 Case F, with interstorey drifts and the
top floor displacement of both buildings as the feedback and H∞ norm as the objective function.
Figures 10 and 11 show the response of the top floor of Building A Case F subject to El Centro




















































Figure 11. Top floor displacement of Building A with uncontrolled, passive control and active control system due to
Kobe 1995 NS excitation: (a) 0.3 g; (b) 0.1 g.
Figure 12. Transfer function in Example 2 from external excitation to the top floor displacement of Building A.
It can be seen from Figures 10 and 11 that the response is slightly reduced by using an active
system, where the maximum control forces are umax = 2021 kN and umax = 649 kN for El Centro
earthquake with 0.3 g and 0.1 g, and umax = 2107.5 kN and umax = 721 kN for Kobe earthquake
with 0.3 g and 0.1 g, respectively. Figure 12 shows the transfer function from the external distur-
bance to the top floor of Building A. The effect of linking buildings with either passive or active
control systems compared with an uncontrolled system can be observed from the peak magnitude
in the Bode diagram. The designed adjacent buildings with dampers provide a reduction in the
response of each building around the frequency of the first mode, where the highest contribution




























































Table 7. Maximum displacements with respect to ground, El Centro 1940 earthquake (Building B).
Maximum uncontrolled Den Hartog (1947) Warburton (1982) Sadek et al.(1997) Hadi and Arfiadi (1998) Bekdas and Nigdeli (2011) Present approach
response (m) TMD TMD TMD GA HS GA − H∞
Floor x(m) x/sec2 x(m) x/sec2 x(m) x/sec2 x(m) x/sec2 x(m) x/sec2 x(m) x/sec2 x(m) x/sec2
1 0.041 3.056 0.034 3.049 0.036 3.077 0.036 3.060 0.034 3.048 0.027 – 0.017 2.842
2 0.088 2.766 0.074 2.636 0.079 2.695 0.077 2.659 0.072 2.632 0.058 – 0.037 2.556
3 0.129 2.977 0.106 2.764 0.114 2.750 0.113 2.713 0.105 2.778 0.083 – 0.054 2.469
4 0.166 2.755 0.136 2.707 0.147 2.727 0.145 2.717 0.134 2.704 0.105 – 0.068 2.782
5 0.197 2.933 0.163 2.678 0.177 2.671 0.172 2.693 0.160 2.673 0.124 – 0.081 3.146
6 0.222 3.136 0.187 2.878 0.206 2.921 0.194 2.953 0.184 2.853 0.140 – 0.090 3.286
7 0.252 2.922 0.213 2.365 0.236 2.426 0.219 2.454 0.210 2.336 0.157 – 0.099 2.813
8 0.286 3.675 0.239 2.711 0.267 2.913 0.245 2.713 0.236 2.696 0.177 – 0.107 3.619
9 0.313 4.697 0.261 3.222 0.292 3.443 0.266 3.251 0.258 3.199 0.195 – 0.112 4.677
10 0.327 5.363 0.276 3.876 0.310 4.129 0.281 3.898 0.272 3.855 0.205 – 0.114 5.355




















































Table 8. Comparison of the effectiveness of the different controllers used in this study
under the El Centro 1940 earthquake.
Controlled to uncontrolled response ratio (reduction ratio)




Floor x(m) TMD LQR GFLC H∞ − GA R-GA
1 0.019 0.68 0.49 0.45 0.67 0.56 0.55
2 0.039 0.64 0.46 0.40 0.68 0.56 0.55
3 0.057 0.65 0.47 0.40 0.69 0.57 0.54
4 0.074 0.65 0.47 0.38 0.69 0.57 0.54
5 0.09 0.64 0.48 0.38 0.69 0.58 0.52
6 0.10 0.67 0.50 0.39 0.69 0.58 0.50
7 0.12 0.62 0.48 0.36 0.68 0.59 0.46
8 0.13 0.64 0.46 0.36 0.68 0.59 0.42
9 0.14 0.67 0.48 0.35 0.67 0.59 0.38
10 0.14 0.67 0.50 0.36 0.66 0.60 0.34
11 0.147 0.673 0.49 0.35 0.66 0.61 0.29
Note: TMD = tuned mass damper; LQR = linear quadratic regulator; GFLC = genetic fuzzy logic
controller; GA = genetic algorithm.
Table 9. Comparison of the effectiveness of the approach used in this study under the Kobe 1995 earthquake.
Controlled to uncontrolled response ratio (reduction ratio)
Pourzeynali et al. (2006) Present approach
Maximum uncontrolled response x(m) Passive (TMD) Passive (GA)
Floor Building A Building B Building A Building A Building B
1 0.06 0.09 0.82 0.81 0.55
2 0.12 0.18 0.82 0.81 0.54
3 0.18 0.26 0.83 0.82 0.54
4 0.24 0.33 0.83 0.82 0.55
5 0.29 0.38 0.82 0.83 0.58
6 0.34 0.43 0.85 0.83 0.62
7 0.39 0.48 0.85 0.83 0.64
8 0.43 0.51 0.84 0.84 0.64
9 0.46 0.55 0.85 0.84 0.63
10 0.48 0.57 0.85 0.83 0.62
11 0.50 – 0.84 0.83 –
Note: TMD = tuned mass damper.
5.4. Numerical Example 3
For the real engineering cases, an 11-storey realistic building, located in the city of Rasht, Iran, as
discussed by Pourzeynali, Lavasani, and Modarayi (2007) and a 10-storey building, as discussed
by Arfiadi (2000) and Sadek et al. (1997) are taken as Building A and Building B, respectively, as
shown in Table 3. The structures are also considered as linear systems. Coefficients for the passive
system and controller gains for the active system are obtained successfully with the same program.
To check the accuracy of the mechanical model of the damped structure, the proposed approach
is compared with several optimization methods developed by Hadi and Arfiadi (2011) (GA), Q2
and Sadek et al. (1997), Warburton (1982), Den Hartog (1947) and Bekdas and Nigdeli (2011)
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(Case F) is reduced, with a reduction of 65.14% under El Centro (1940) NS excitation, while other
methods showed less reduction: Bekdas and Nigdeli (2011) (HS): 37.31%; Den Hartog (1947):
15.60%; Warburton: 5.2%; Sadek et al. (1997): 14.07%; and Hadi and Arfiadi (1998) (GA):
16.82%. The results of the controlled displacement response of the top storey of Building A in
Case F, determined by TMD and LQR systems, are compared with the corresponding uncontrolled
ones under El Centro earthquake. Here, TMD and LQR systems were used for only the example
building (Building A) in the study of Pourzeynali, Lavasani, and Modarayi (2007). As shownQ4
in Table 8, the maximum displacement of the top floor of the 11-storey building is reduced,
with a response reduction of 32.7% and 51% for TMD and LQR, while the reduction ratios of
the proposed approach are 34% (passive system), 39% (GA-H∞) and 71% (LQR-GA). Table 9
shows the effectiveness of these control systems in reducing the response of Example 3 under
Kobe 1995 excitation. It is also noted from Table 9 that since the PGA of the Kobe earthquake is
about 0.8178 g, Kobe excitation causes the maximum displacement (about 0.5 m) in the top floor
of the example building.
6. Conclusions
To enhance the seismic performance of adjacent buildings, the optimal analysis of both passive
and active control systems has been investigated in this study. Control algorithms based on mod-
ern control theory have been used to optimize damper parameters for passive control systems and
active controller gains for active control systems. The study can be divided into two sections. First,
binary and real coded GAs using H2 and H∞ performance indices have been used to optimize the
damper parameters in the passive control system. The individual with the best fitness is copied
to the next generation using an elitist strategy. The results of Example 1 show that the viscoelas-
tic damper is quite effective, with a reduction of about 25% in the response of both adjacent
buildings.
Secondly, to enhance the damper effectiveness, the real coded GA used in this study helps
to obtain the optimum controller gains in the response of adjacent buildings coupled by active
control systems on the top floor in an efficient manner, as shown in Example 2. A static output
feedback controller, where the gain is multiplied directly by the measurement output without an
observer, is used as feedback control. This makes the system framework simpler than a dynamic
output controller. In Example 3, by comparison with other studies in the literature, the proposed
method is appropriate based on reducing displacement and acceleration responses during an
earthquake rather than using dampers for each individual building. On the other hand, active
dampers between buildings use larger control forces than dampers used for individual buildings.
As a result, Example 2, of two adjacent six-storey buildings coupled by either passive or active
dampers at the top floor level, demonstrates that the controlled design approach can systematically
achieve enhanced seismic performance with economical efficiency, rather than using dampers on
all storeys.
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Appendix 1. Matrices in equation of motion
If the state vector X in Equation (5) is taken as the relative displacement and velocity with respect to the ground, the
required matrices in the equation of motion are as follows:




(c1 + c2) −c2







, cd(m,m) = diag
[
cd1 cd2 · · · cdm
]
(A2)
C2 is the (m × m) damping matrix of m storey Building B, which is similar to the C1 damping matrix. The stiffness




(k1 + k2) −k2







, kd(m,m) = diag[kd1 kd2 · · · kdm] (A3)
For the numerical Example 2, the other matrices in Equation (6) are
P1 = [0 0 0 0 0 −1]T
P2 = [0 0 0 0 0 1]T (A4)
where P1 and P2 are m × na-dimensional matrices based on the number of actuators of the additional dampers and place-
ment of dampers in the storey. m denotes the storey number of the lower building.X1 = [x1 x2 · · · xn−1 xn]
contains xi displacement of the ith floor of Building A relative to ground (i = 1, 2, . . ., n), while X2 =
[x1 x2 · · · xm−1 xm] contains xi displacement of the ith floor of Building B relative to ground (i = 1, 2, . . ., m).






















[−M−1cl Kcl −M−1cl Ccl]
Mcl = M + DGa, Kcl = K + DGd , Ccl = C + DGv (A6)
Rearranging Equation (A5), the control force can be shown as U(t) = −GzX . X is a state vector in Equation (5). Gz is the




] + GaCsa (A7)
According to the chosen feedback in this study, the gain matrix can be written for Example 2 as
Gd =
[









0 0 0 0 0 0 0 0 0 0 0 Ga1
]
where Gd1, Gd2, Gv1 and Ga1 are gains to be determined in Example 2. The closed loop system can be obtained as
Ẋ = AclX + Hẍg (A9)
where Acl = A − BGz and the feedback is the top floor of displacement of both buildings, the velocity of the top floor of
Building A and the absolute acceleration of the top floor of Building B, as shown in Equation (A8). Regulated output Cw
is chosen as interstorey drifts, the top floor displacement of both buildings and the control force to obtain the optimum
controller gains.
